Background: Precise control of developmental and cell-specific expression of the brain-derived neurotrophic factor (BDNF) gene is essential for normal neuronal development and the diverse functions of BDNF in the adult organism. We previously showed that the zebrafish BDNF gene has multiple promoters. The complexity of the promoter structure and the mechanisms that mediate developmental and cell-specific expression are still incompletely understood.
Background
Lasting changes of synaptic transmission are believed to be an essential substrate for the formation and storage of long-term memory. Memory formation begins with sensory input that initially elicits fleeting short-term neuronal signals. These signals eventually result in long-lasting changes of synaptic transmission. There is now considera-ble evidence that these lasting changes require induction of neuronal gene expression [1] . The genes that are induced earliest, within minutes of the inducing stimulus, are known as immediate early genes (IEGs) [2] . A hallmark of these genes is that their induction does not require protein synthesis. The IEGs are a diverse group, and includes transcription factors, enzymes, structural proteins and growth factors. Their functions are equally diverse. The coordinated actions of these IEG products induce secondary genes and lead to incipient alterations of neuronal structural changes. Further downstream genes are then induced. The IEGs, secondary and downstream genes result in long-lasting changes of neuronal structure and function. The capacity of neurons to undergo these adaptive changes is an important component of neuronal plasticity [3] .
A well-studied IEG is BDNF, a member of the neurotrophin family. BDNF has been shown to play important roles in memory, LTP, and neuronal plasticity [4] [5] [6] . These functions require tight yet dynamic regulation of neuronal BDNF expression. Regulation has been shown to occur at multiple levels. Neuronal BDNF gene transcription is dynamically regulated by excitatory signals that induce changes in Ca++ flux across the neuronal membrane via Ltype VGCC [7] [8] [9] . Transcriptional regulation involves multiple alternative promoters whose transcriptional activity is differentially regulated in different neurons. BDNF mRNA is preferentially transported to dendritic spines in response to excitatory signals. BDNF mRNA encodes a BDNF precursor from whose COOH-terminus BDNF is liberated by proteolytic cleavage. The BDNF precursor is N-glycosylated [10, 11] . A substantial portion of the precursor is secreted intact. The intact precursor is able to bind to the high affinity BDNF receptor, trkB, and activate intracellular signaling [11] as well as to p75, the low affinity neurotrophin receptor [12] . In the zebrafish only small amounts of mature BDNF are detectable by Western blotting [13] . BDNF can enter either a constitutive or a regulated pathway. In neurons BDNF can be secreted via the regulated pathway [14] . Synaptic secretion is regulated by neuronal activity [15] .
The onset and cellular sites of BDNF production during development are determined at the transcriptional level [16, 17] . Once induced, BDNF gene transcription is tightly regulated. BDNF production correlates with BDNF mRNA levels, suggesting that translation is not controlled [18] . Kainic acid induces BDNF gene transcription in the hippocampus without changing BDNF mRNA half-life [19] . Thus, the rate of BDNF gene transcription is a major determinant of BDNF production.
To study the transcriptional regulation of BDNF production we have focused on the zebrafish BDNF gene [13, [20] [21] [22] . We recently showed that the zebrafish gene is more compact than the mammalian gene yet is more complex in its exon organization and primary transcript processing than the mammalian gene [20] . We identified three differentially regulated promoters so far. Transient expression of fusion genes driven by these cloned promoters showed that the 5' flanks are capable of cell-specific expression.
We here identified three additional promoters and show that they are transcriptionally active in transiently transfected zebrafish embryos. We also show that not only the 5' flanks, but highly conserved sequences in the 5' noncoding exons and as yet unidentified sequences in the 3' flank control expression. One of the highly conserved sequences, HCS1, acts as a dehancer or enhancer depending on the type of 3' flank that is present. These results show that highly conserved regulatory regions regulate basal zebrafish BDNF gene transcription.
Results

Promoter structure Identification of potential exons and associated promoters by sequence comparison
The pufferfish and zebrafish are both teleostii and are closely related. We therefore expected that the exon/ intron organization of their BDNF genes would be very similar. Exons are generally more conserved than introns. It should therefore be possible to identify potential exons by comparing the nucleotide sequences of the zebrafish and pufferfish BDNF genes. The most highly conserved segments would likely represent exons. Identifying potential exons would allow us to screen a 5' RACE library more specifically and effectively.
A preliminary sequence of the pufferfish genome has been published. The coding exon of the pufferfish BDNF gene had been identified by sequence comparison with the human gene in scaffold_551 of the pufferfish genome sequence (Fugu Ensembl 6.1.1 [23] . The zebrafish genome is also being sequenced. A previously published sequence from the zebrafish genome group at the Sanger Institute, ctg10315, appears to contain the entire zebrafish BDNF transcription unit except the very 5' end.
To identify potential exons, the corresponding sequences in scaffold_551.1 and ctg10315 were compared using the 2-sequence BLAST alignment available at NCBI [24] The alignment revealed 12 segments of significant identity upstream from the coding region. Only 3 of these 12 segments represented known exons. The highly conserved segments HCS1 and HCS2, which are >93% identical in fish and man, were among these three. The remaining 9 segments did not correspond to known exons and therefore were likely to represent as yet undiscovered exons (figure 1).
5' RACE cloning of exons 1α, 1β, and 1d
To identify these potential exons and their associated promoters we carried out nested 5' RACE using total RNA from 5 and 7 days old larvae. We initially analyzed 47 independent clones from the 5d larvae and 59 from the 7d larvae. The collection of clones was screened for previously cloned exons by PvuII restriction enzyme analysis using size and digestion patterns as criteria. In this fashion 25/47 in the 5d group and 41/59 in the 7d group were identified as 1c.
Five clones from each age group that did not appear to be exon 1c by size and/or restriction enzyme analyses were sequenced. Four clones encoded exon 1c. All four had extensions at the 5' end that turned out to be one or more complete or partial copies of the synthetic oligoribonucleotide that is ligated to the 5' end of the decapped transcripts in the 5' RACE procedure. Interestingly, a BLAST search of the NCBI database with this sequence turned up numerous mRNAs whose 5' ends consist of complete or partial copies of this oligoribonucleotide. The results of one such search are shown in Table 1 [see Additional file 1]. Two clones contained 5' truncated versions of exon 1a. A single clone carried exon 1b/b'. One clone had a tiny insert flanked by the correct internal nested primers. The insert was another corrupted copy of the cloning oligoribonucleotide. Another similar clone had a 110 bp insert entirely unrelated to BDNF or the cloning oligoribonucleotide.
A single clone had an insert in which a novel 171 bp sequence was located upstream from the coding exon and linked to it at the known splice site. The sequence of the novel 5' fragment was compared with the available sequence of the genomic clone c241 using BESTFIT from Regions of Zebrafish BDNF gene with high sequence similarity to Pufferfish BDNF gene Figure 1 Regions of Zebrafish BDNF gene with high sequence similarity to Pufferfish BDNF gene. Regions of similarity were identified by aligning the zebrafish and pufferfish BDNF gene nucleotide sequences using BLAST. Regions of similarity identified by BLAST are marked with red arrows. Three regions were also highly similar with the mouse BDNF gene. These are marked HCS1, HCS2, and HCS3. The sequences of HCS1, HCS2, and HCS3 are available in reference [20] .
the UWGCG sequence analysis software [25] . The comparison showed that the 3' end of the fragment is located 1381 bps upstream from exon 1a and is followed by a classical GTAAG splice donor site (see table 2 ). These sequence data and comparisons strongly suggest that the novel 5' fragment represents a 5' non-coding exon. This possibility is further strengthened by the presence of TATA-like sequences between -20 and -30 of its 5' end (see table 2 ). We named this exon 1α. The location of exon 1α in the transcription unit is equivalent to that of rat and mouse exon 1 (see Figure 2 ). However, sequence comparison by BLAST reveals no significant similarity to the mammalian exon.
The 7d library was screened a second time as described above. A closer analysis of the PvuII digestion patterns indicated that the exon 1c pattern could be mimicked by exon 1b/b' and potentially other exons. The clones with exon 1c patterns were therefore reanalyzed with additional enzymes. These analyses identified a clone with a novel insert. The insert mapped between exons 1α and 1a and was named exon 1β. Exon 1β is spliced directly to the coding exon. In the genomic sequence it is followed by a classical GTAAG splice donor site (table 2). Exon 1β contains two of the 12 upstream segments conserved between zebrafish and pufferfish BDNF genes.
The region between exon 1c and the coding exon contains three conserved segments. One of them is the sixth largest and exhibits the characteristics of an exon (table 2). We named this segment putative exon 1d. Despite analysis of over 300 clones by restriction enzyme digestion and/or nucleotide sequencing we did not find any clones that encoded this putative exon. The 5d and 7d libraries were therefore analyzed by PCR. DNA was extracted from a pool of each library obtained by eluting colonies from plates representing a total of 5000 clones. The primers were positioned at the 5' and 3' ends of the conserved segment. Both libraries contained amplifiable template that yielded product of the expected size. Aliquots of the amplified DNA from each library were cut with HinfI and the digests analyzed by agarose gel electrophoresis. The resulting fragments were of the predicted size. An aliquot of the DNA amplified from the 7d library pool was sequenced. The sequence indicated that the amplified DNA represents exon 1d. We therefore concluded that exon 1d exists. A screen of 1500 clones of the 7d library by colony hybridization has so far been unsuccessful in finding an exon 1d clone. The precise 5' and 3' ends of exon 1d are therefore still unknown.
These results show that the zebrafish BDNF gene has at least seven 5' non-coding exons ( Figure 2 ) that give rise to at least 6 distinct transcripts ( Figure 3 ).
Conserved regions in the 3' flank
The BLAST comparison of the zebrafish and pufferfish BDNF genes also revealed four segments of high similarity in the 3' flank. One of these contains HCS3, a segment in which 39 of 41 nucleotides are identical in fish and man.
The sequence similarities abruptly end 1.3 kb downstream from the 3' end of the coding exon. A BLAST search with a 1 kb fragment following the discontinuity was carried out. The search identified 100 distinct zebrafish genomic clones that contain a 280 bp segment that is closely related to a sequence in this 1 kb fragment. Its frequent occurrence and its lack of similarity with the pufferfish genomic sequence suggests it represents a zebrafishspecific repetitive sequence element.
A similar discontinuity between zebrafish and pufferfish sequences was found 2 kb upstream from exon 1α. A BLAST search with a 1.5 kb fragment upstream from the discontinuity revealed a 1.2 kb region within this fragment that is >88% identical with the Tfz.41 transposable element [26] . The orientation of the Tfz.41-like sequence is opposite to that of the BDNF gene. The transposon-like region does not contain any ORFs greater that 20 amino acids. 
Developmental and tissue-specific expression of 5' exons
We had previously shown that exon 1c is present in the early embryo before transcription starts at the mid-blastula transition (MBT), indicating that it is part of a maternal transcript. In situ hybridization at subsequent stages revealed that by the larval stage BDNF is expressed in a cell-specific fashion. The common exon was expressed in olfactory epithelium and taste buds, but exon 1c was not. These results suggested that multiple promoters exist and that they are expressed tissue-specifically.
Organization of BDNF gene in mouse, man and fish Figure 2
Organization of BDNF gene in mouse, man and fish. The boxes represent exons and the lines introns, 5' flanks and 3' flank. Exons containing highly conserved sequences (HCS) have the same colors. The positions of the mouse BDNF gene exons were taken from sequence posted in the NCBI databank, accession AY057907. The rat exons were published by Timmusk et al. [47] and Bishop et al. [48] . The sequences posted in the NCBI databank (Accession numbers S76799, S76760, S76759, S76758, S76757, X67107, X67106, X67108) were compared with the mouse and found to be >98% identical. Their positions in the rat gene were assumed to be identical to those of the mouse exons. The positions of the human BDNF gene exons were taken from the sequence posted in the NCBI databank, accession number AF411339. The pufferfish BDNF gene sequence was taken from the Ensembl Genome Data Resource of the Wellcome Trust Sanger Centre http://www.sanger.ac.uk/), scaffold_551 and scaffold_1408. Exons 1α, β, and a were mapped by comparison of the 5'RACE clone sequences with the nucleotide sequence of c241 established in this laboratory [20, 21] . Exons 1b, b', 1c, and 2 of the zebrafish BDNF gene were mapped on the sequence of clone CH211-251J8, posted in the NCBI databank, accession number AL935207. Zebrafish and pufferfish gene exon sequences were >75% identical including presumptive exon 1d.
The present as well as previously published results [20] [21] [22] show that the zebrafish BDNF gene does indeed possess multiple promoters and 5' exons. Using knowledge of the nucleotide sequences of the 5' exons we performed RT-PCR to study their developmental and organ-specific expression.
Total RNA was extracted from embryos at different developmental stages and various organs of adult females and males. The quantity and quality of the RNA samples were assessed by agarose gel electrophoresis ( Figure 4 ). The RNA was reverse transcribed into cDNA and cDNA quality assessed by PCR using β-actin-specific primers ( Figure 5 ). The cDNA was then examined for reverse copies of transcripts in which any of the 5' exons is spliced to the common coding exon using exon-specific primers in a nested 2-round PCR strategy.
The results in Figure 6 show that, as previously reported, exon 1c is present in embryonic RNA prior to MBT, i.e. before transcription of embryonic genes starts. Exon 1α is also present in the pre-MBT embryo. The other 4 exons are not. By 80% epiboly, exons 1α, β, a, and c are expressed. This expression pattern was seen at all subsequent stages Agarose Gel Electrophoresis of total RNA from embryos, larvae and adult Zebrafish Figure 4 Agarose Gel Electrophoresis of total RNA from embryos, larvae and adult Zebrafish. Total RNA was extracted as described in methods and subjected to electrophoresis through a native 1% agarose gel. The amplification products were stained with ethidium bromide and photographed under UV light using a digital camera. PMBT = premidblastula transition. 80% E = 80% epiboly. 16 Som = 16 somite stage. 5d = 5 days post-dertilization. The two major ribosomal RNA bands are marked in the left hand margin.
Splicing of Zebrafish BDNF exons into mature transcripts
that were examined including 6 somites, 5 days, and the adult (Figure 7 ). Exons 1b/b' and 1d were not detected at any of the developmental stages that were examined. These results are summarized in table 3.
The expression of 5' exons before the onset of transcription was also confirmed using 5' RACE using total RNA from embryos at the 2-8 cell stage. Of 11 5' RACE clones examined by PvuII restriction enzyme analysis 5 had the pattern of exon 1c (Figure 8 ). The identity of one of these clones as 1c was confirmed by nucleotide sequencing. The remaining clones had fragment patterns consistent with exons 1α.
Of the 4 exons expressed in the adult, the three exons 1α, β, and c were expressed organ-specifically, whereas exon 1a was expressed in all organs examined. Exons 1 b/b' and d were not detected in any of the organs examined including liver, muscle, eye, intestine, heart, brain, and skin. A representative RT-PCR agarose gel electrophoresis is shown in Figure 9 . The results for all organs are summarized in table 4.
These RT-PCR analyses show that the multiple promoters of the zebrafish BDNF gene are expressed in a developmental and organ-specific fashion.
Promoter activities in transiently transgenic Zebrafish embryos Promoter 1d
We previously showed that the promoters preceding exons 1a, 1b, and 1c are transcriptionally active in transiently transfected embryos. To determine whether promoter 1d was active, a HindIII fragment of genomic clone c241 that contains exon 1d plus surrounding 5' flank and intron was linked to the EGFP-F reporter. To provide a splice acceptor site, a 300 bp fragment spanning the splice acceptor site preceding the coding exon was placed ahead of the reporter ( Figure 10 ). This construct was called Dex1d. Note that Dex1d contains the 3' UT and polyA site of the SV40 early gene.
Agarose Gel Electrophoresis of products of amplification of cDNA with β-Actin primers Figure 5 Agarose Gel Electrophoresis of products of amplification of cDNA with β-Actin primers. cDNA was prepared from aliquots of total RNA samples extracted from embryos, larvae and adult zebrafish as described in methods. Aliquots of the cDNA were diluted 1:100 and 1:1000 prior to amplification with β-actin specific primers. The actin primers span three introns. Genomic zebrafish DNA, diluted 1:50 to approximately 100 ng/µl, was also amplified to confirm that the amplification products are derived from cDNA. The primer sequences are provided in the method section. The amplification products were subjected to electrophoresis through a 1.2% agarose gel, stained with ethidium bromide, and photographed under UV light using a digital camera. PMBT = pre-midblastula transition. The Dex1d construct consistently expressed in a large neuron in the hindbrain situated medially to the otic capsule.
The expressing neuron has a large cell body with a small number of large dendrites and a single axon that projects down almost the entire length of the spinal cord in a ventrally located pathway. Along its projection it has numerous small spurs. The location, size, and projection of this neuron suggest it represents a Mauthner cell ( Figure 11 ). The Dex1d construct is also expressed in more rostrally located smaller neurons with a similar pattern of dendrites and projections. Rare expression was also seen in epithelial and notochord cells. These data suggest that the HindIII fragment contains an active promoter.
Agarose Gel Electrophoresis of products of amplification of PreMBT cDNA with exon-specific primers Figure 6 Agarose Gel Electrophoresis of products of amplification of PreMBT cDNA with exon-specific primers. cDNA was prepared from total RNA extracted from pre-MBT embryos. Aliquots of the cDNA samples were ampified in 2 rounds of PCR with the indicated exon-specific nested primers and with β-actin specific primers. Aliquots of 5'RACE clone plasmid DNA were also amplified. The amplification products were subjected to electrophoresis through a 1.5% agarose gel, stained with ethidium bromide, and photographed under UV light using a digital camera. PMBT = pre-midblastula transition.
Agarose Gel Electrophoresis of products of amplification of PreMBT cDNA with exon-specific primers Figure 7 Agarose Gel Electrophoresis of products of amplification of PreMBT cDNA with exon-specific primers. cDNA was prepared from total RNA extracted from adult zebrafish. Aliquots of the cDNA were amplified in 2 rounds of PCR with the indicated exon-specific nested primers and with β-actin specific primers. The cDNA was diluted as indicated prior to amplification with the β-actin primers. Aliquots of 5'RACE clone plasmid DNA corresponding to each exon (except exon 1d for which c241 served as template) were also amplified. The amplification products were subjected to electrophoresis through a 1.5% agarose gel, stained with ethidium bromide, and photographed under UV light using a digital camera.
Promoter 1c
We previously reported expression of this promoter [20, 21] . The 5' RACE cloning data suggested that this promoter is the most widely expressed and/or transcriptionally most active promoter. In the construct we previously expressed, called MiniExpress (MiEx), exon 1c is directly spliced to the EGFP-F reporter at a BamHI site. The reporter is followed by the 3' UT and polyA site of the SV40 early gene. MiEx contains 1.8 kb of 5' flank ( Figure   10 ). MiEx was expressed in notochord, skeletal and smooth muscle, and epithelial and endothelial cells.
There was no significant expression in neurons. This was surprising because in the mammalian gene this promoter is most actively expressed and regulated in neurons. This situation suggested that MiEx lacked regulatory elements required for neuronal expression, or that the SV40 sequences at the 3' end lead to ectopic expression. Indeed, the 5' end of exon 1c that is contained in MiEx stops short 
PvuII Restriction Enzyme Digests of 5'RACE Clones From Pre-MBT Embryos Figure 8 PvuII Restriction Enzyme Digests of 5'RACE Clones From Pre-MBT Embryos. 5' RACE was performed using total RNA extracted from pre-midblastula transition embryos as described in methods. DNA extracted from individual clones was digested with PvuII. A previously identified 5' RACE clone from 10 days old larvae was also digested as a control. Phage λ DNA digested with HindIII was used as a size marker. The digests were subjected to electrophoresis through a 1.5% agarose gel, stained with ethidium bromide, and photographed under UV light using a digital camera.
of a highly conserved sequence, which we named HCS1, and whose presence suggested that exon 1c is the ortholog of rat exon 3. To check if this sequence might affect expression, a construct that contains a SapI fragment which extends beyond HCS1 was made, and called Sappie. Sappie was expressed exclusively in Rohon-Beard cells. These are large primary sensory neurons located in the dorsoventral spinal cord. Sappie was missing 730 bps at the 5' end compared with MiEx. To exclude the possibility that this piece contained regulatory sequences required for expression in non-neuronal cells, Sappie was extended at the 5' end to the BamHI site of MiEx to generate DOS. DOS also expressed only in Rohon-Beard cells.
These results suggested that the restricted expression of Sappie and DOS was due to the presence of the HCS1. HCS1 is located in the 5' UT of the fusion gene transcript, and thus could have an effect on RNA stability and/or translation. Alternatively, it could act as a transcriptional regulatory element. To distinguish between these possibilities, HCS1 was placed upstream of the BamHI fragment of MiEx using synthetic oligonucleotides. The resulting construct was called HCS-MiEx ( Figure 10) . In contrast to its parent, HCS-MiEx was exclusively expressed in Rohon-Beard cells (Figure 12 ). This result suggested that HCS1 regulates transcription. Moreover, it appeared to have the properties of a dehancer. This possibility was supported further by the fact that HCS1 in the opposite orientation also restricted expression to Rohon-Beard cells.
Agarose Gel Electrophoresis of products of amplification of adult organ cDNA with exon-specific primers Figure 9 Agarose Gel Electrophoresis of products of amplification of adult organ cDNA with exon-specific primers.
Total RNA was extracted from pooled adult zebrafish brains and hearts as described in methods. Aliquots of the RNA were converted to cDNA and then amplified with the indicated exon-specific and β-actin primers. Aliquots of 5'RACE clone plasmid DNA corresponding to each exon (except exon 1d for which c241 served as template) were also amplified. The amplification products were subjected to electrophoresis through a 1.5% agarose gel, stained with ethidium bromide, and photographed under UV light using a digital camera. 
Promoter 1α, 1β and a
We previously tested a construct named DOA5 [20] . DOA5 was constructed from a 5.3 kb HindIII fragment of genomic clone c241 [21] . The present 5' RACE cloning revealed that this fragment contains not only exon 1a but also the newly identified exons 1α and 1β (see Figure 2 ). In the DOA5 construct there are consequently at least three 5' non-coding exons and their associated promoters. DOA5 was constructed with a splice acceptor site upstream from the reporter. Exon 1a, which is downstream from exon 1 α, is located near the 3' end of the Hin-dIII fragment and is followed by 140 bps of intron. This arrangement of exons and reporter should allow correct splicing of transcripts derived from all three exons. Thus, expression of DOA5 should reflect the activities of all three promoters.
In previous experiments DOA5 exhibited an unusual pattern of expression. The first expression was noted in the pre-somite embryo. The reporter stained primarily yolk platelets rather than cells. No expression was seen in cells up to the 4 days old larval stage [20] . These data suggest that critical regulatory elements are missing from DOA5.
Adam
Our data show that the BDNF gene has multiple distinct promoters. The pattern of expression in the organs we examined suggests that each promoter is independently regulated. However, regulatory elements physically associated with one promoter may need to act on adjacent or even more distantly located promoters. To examine whether there may be such interactions between 1b/b' and 1c we constructed Adam. Adam carries a 9 kb HindIII fragment that contains the known exons 1b, b' and c. Adam uses the EGFP-F reporter and has the SV40 early gene 3' UT and polyA sites.
Reporter constructs
Adam expressed in a large variety of cells (Figures 13 and  14) . We consistently observed expression in primary sensory neurons, spinal cord neurons including motor neurons, epithelial cells, blood cells, skeletal and smooth muscle cells, otic hair cells, otolith, notochord, and as yet unidentified retinal cells.
We had previously examined expression of promoter 1b separately. Promoter 1b was exclusively expressed in trunk skeletal myocytes [20] . The spectrum of cells that express Adam is thus much larger than the sum of the sets in which promoters 1b and 1c express when the two promoters are not physically linked.
Effect of 3' flank on promoter 1c activity
Transgenic mouse experiments reported by Timmusk et al [27] showed that not only the 5' flanks, but also the 3' flanks were required for cell-specific and regulated expression. Moreover, the 3' UT and flank are highly conserved. HCS3, a 41 nts segment that is >95% identical in fish and man, is located in the 5' portion of the 3' UT, 63 nts downstream from the translation stop codon [20] . Three additional segments that are highly conserved between zebrafish and pufferfish lie in the next 740 nts. The high degree of conservation together with the experimental evidence reported by Timmusk et al. suggests that the 3' UT and flank have important regulatory functions.
Since MiEx had a repertoire of expression that was somewhat unexpected, and this may have been in part due to the presence of SV40 sequences at the 3' end of the reporter, these sequences were replaced with a 1. SmaI/HindIII fragment was placed downstream from the 3' flank of MiEx to generate ME41-9. The expression of ME41-9 was indistinguishable from that of MiEx. Thus, its effect is position-dependent. Although it does not prove it, position-dependence suggests it acts at the level of transcription termination and/or mRNA stability.
Since BiEx contained a significant fragment of the coding exon, and extended only 600 bps into the 3' flank, we made a derivative of MiEx in which the reporter is fol-lowed by a 2 kb fragment of 3' flank that begins at the stop codon of the coding exon. In addition the EGFP-F reporter was replaced with hrGFP (Stratagene, La Jolla, CA, USA), a potentially less cytotoxic but also less sensitive reporter. This construct was named BiEx-GFP. We could not detect any expression of this construct. A trivial explanation was the lower sensitivity of the reporter. Another possibility was the absence of HCS1. To test this possibility a derivative, called NIn1c-GFP was constructed, in which exon 1c extends further 3' and thus includes HCS1. NIn1c-GFP was predominantly expressed in primary sensory neurons, i.e. trigeminal and Rohon-Beard cells (Figure 15 ). These results indicate that the hrGFP reporter is adequately sensitive and that HCS1 acts as an enhancer in the context of the larger 3' flank. Interestingly, NIn1c-GFP expressed in a larger set of cells than BiEx.
Expression of Adam in live embryos
Discussion
Our results reveal a high degree of structural and regulatory complexity of the zebrafish BDNF gene. We have so far identified five distinct promoters by cloning, and a sixth promoter by sequence similarity and transient expression. We also cloned a mature BDNF message with three exons indicating that the primary transcript of the zebrafish BDNF gene undergoes more complex splicing than its mammalian counterpart. The sites of expression and the functional significance of this tripartite transcript remain to be determined.
Transient expression in embryos and larvae showed that a highly conserved sequence, HCS1, in the 5' non-coding exon 1c has a profound effect on expression. The specific effect appears to be dependent on the context. In particular, in the MiEx context HCS1 restricted expression to Rohon-Beard cells. MiEx expressed in a variety of nonneuronal cell types without HCS1. In the MiEx context the restricting effect was independent of the position and orientation of HCS1. By these criteria HCS1 qualifies as a dehancer.
On the other hand, BiEx-GFP expression was below the level of detection until HCS1 was added to create NIn1c-GFP ( Figure 10 ). Nin1c was consistently expressed in trigeminal neurons and Rohon-Beard cells. Thus, in this context HCS1 appears to have an enhancing effect. BiEx-GFP and MiEx differ in the reporter and the 3' UT and flank. It is unlikely that the difference in the reporter accounts for the difference in the effect of HCS1. A more likely explanation is the difference in 3' UTs and flanks. If this were so it would suggest that HCS1 and sequences in the 3' UTs and flank interact. Interestingly, when the SV40-derived 3'UT of MiEx was replaced with the corresponding BDNF region to create BiEx expression was diminished. This effect was position-dependent. It remains to be seen whether the modification of the effect of HCS1 by the 3' UT and flank depends on position or not. We also do not yet know whether the enhancing effect of HCS1 in the BiEx-GFP context, is independent of position and/or orientation, i.e. enhancer-like, as it is in the MiEx context.
Expression of Adam in live embryos
We expressed HCS1 in a third context. Adam contains exon 1c in its entirety including HCS1. In contrast to HCS-MiEx, BiEx and BiEx-GFP, Adam also contains 2.8 kb of downstream intron ( Figure 10 ). Adam also contains 6.3 kb of 5' flank of exon 1c, and, embedded in the flank, exons 1b and b'. The presence of a splice acceptor in front of the EGFP-F reporter in Adam presumably allows splicing of these exons to the reporter. Note that Adam has the same 3' UT and flank as HCS-MiEx and MiEx. Adam was expressed in a wide range of cells. Clearly, in this context HCS1 did not restrict expression to Rohon-Beard cells. Obviously Adam also contains promoter 1b. Pro-moter 1b with 1.8 kb of 5' flank was strictly expressed in skeletal muscle. Even if myocyte expression is attributed to promoter 1b, the remaining set of cells is diverse and far greater that the MiEx and BiEx sets. This fact clearly indicates that HCS1 in the Adam context does not have a restrictive effect.
The set of cells that express Adam is not merely the sum of the cells expressing promoters 1b and 1c. Several explanations are possible. Perhaps the presence of a splice acceptor leads to more efficient expression in cells that would otherwise express below the level of detection. Another possibility is that the region downstream from exon 1c, i.e. intron 1c, contains regulatory elements that are responsible for the expansion of the observed expression. These elements must be downstream from exon 1c because a construct in which the 5' flank of MiEx was extended to the same 5' point as it extends in Adam, a construct we called MaxiEx, was expressed identically to MiEx. Some of these elements may be located in a 43 nts stretch 147 nts downstream from exon 1c that is conserved between zebrafish and pufferfish (see Figure 1 ). The next conserved region is exon 1d. Thus, the third explanation, namely that the intron following exon 1c contains another promoter and its associated 5' exon, although possible is quite unlikely. In any event, in the MiEx context HCS1 does act as a dehancer. This raises the question whether HCS1 might bind transcription factors. A sequence analysis using TESS [28] suggests that in fact there are several potential transcription factor binding sites in HCS1 (table 5) . Potential binding sites for Pbx1, Cdx, CHOP, Gata, HSF and AML-1a were found. AML-1, also known as Runx1, contains a runt type of DNA binding domain [29] . Runx1 must form a dimer with CBFβ to recognize and stably bind to its DNA binding site. A runx1 gene was cloned from the Zebrafish [30] . It is expressed in the developing blood system and, most interestingly, in a subset of Rohon-Beard cells [31, 32] . Antagonizing runx1 mRNA with morpholino antisense oligonucleotides disturbs the orderly alignment of Rohon-Beard cells along the dorsolateral spinal cord and causes them to position themselves at ectopic sites. Their central axon projections along the dorsolateral fascicle are also stunted. These observations suggest that Runx1 plays a role in Rohon-Beard cell positioning and axon growth and possibly target finding. Runx1 may also play a role in directing BDNF gene expression to Rohon-Beard cells.
Expression of NIn1c-GFP in live embryos
Gata-1 is the prototype of the Gata family [33] . All family members have four zinc-fingers. Gata-1 plays a major role in the development of the hematopoetic system [34] . Two family members, Gata-2 and Gata-3 also have functions in the nervous system [35] . Gata-2 was shown to be involved in the specification of V2 motor neurons [36] . Gata-3 is expressed in rhombomere 4 of the mouse embryo hindbrain in neurons that project to the cochlea [37] . In Gata-3 knockout mice these projections become aberrant. Gata-3 is also expressed in the mesenchymal cells surrounding the otocyst and may have a function in target finding of efferent neurons [38] . Interestingly, Adam, which contains HCS1 and its Gata-1 binding site, is expressed in blood cells and neurons. The mammalian BDNF gene is known to be expressed in macrophages.
The results of the RT-PCR experiments presented here as well as previous results of in situ hybridization and immunocytochemistry indicate that BDNF is a maternal message in the early embryo. The present results independently confirm the earlier RT-PCR results by 5' RACE cloning. Our present data show that a second 5' exon in addition to exon 1c, namely exon 1β, is present in the pretranscriptional embryo. Exon 1β contains a 170 nt segment that is highly similar to human BDNF gene exon 1 and a region of the pufferfish BDNF gene, suggesting they may be subject to similar regulatory mechanisms and functions. BDNF is secreted by cumulus granulosa cells of the mammalian ovary [39] and has been shown to participate in mammalian oocyte maturation [40] . It is not known which of the multiple exons of the mammalian BDNF gene are expressed in the ovary. The function of the maternal transcripts in zebrafish oocyte development and the pre-transcriptional embryo are unknown. A potential high affinity receptor for BDNF in the zebrafish is TrkB, a transmembrane protein tyrosine kinase [41] . The mammalian counterpart, TrkB, is the preferred high affinity receptor for mammalian BDNF [42] . We previously showed that a trkB transcript that lacks a kinase domain, is present in the pre-transcriptional zebrafish embryo [13] . One function of BDNF in early embryo development could thus be paracrine, or in cell adhesion, movement, or guidance.
RT-PCR analysis of adult organs revealed an organ-specific pattern of expression of the 5' non-coding exons. Every organ we examined expressed at least one of the seven exons. The heart expressed only exon 1α. This exon was also expressed in all other organs. The widespread expression suggests expression in a cell-type present in all organs such as endothelial cells. Exon-specific in situ hybridization will be necessary to address this possibility. Interestingly, although exon 1α is widely expressed in the adult zebrafish, suggesting an important function, its sequence is not at all similar to any of the mammalian exons. Indeed, a BLAST search against all currently known 
sequences revealed no significant similarity to any of them. Exon 1 α thus appears to be quite unique to the zebrafish.
Despite a thorough search for exons 1b/b' and d we could not detect them with RT-PCR during development in whole specimens or in organs of the adult. The successful cloning by RT-PCR from 7 days and 10 days old larvae of exons 1d and 1b/b', respectively, indicates that they exist. Perhaps these exons are expressed in transient and/or very small cell populations and this may account for our failure to detect them by RT-PCR. The highly specific expression of the Dex1d construct in Mauthner cells is consistent with this explanation. It is possible that future in situ hybridization or microchip analyses will detect transcripts containing exons 1b/b' and 1d.
Conclusions
The data presented here show that the structure and organization of the zebrafish BDNF gene rivals in complexity that of its mammalian counterpart. The existence of two additional promoters was proven by 5'RACE cloning and a third promoter was identified by sequence comparison and transient expression. The zebrafish BDNF gene thus has at least five promoters and possibly as many as six. Two of the seven 5' non-coding exons associated with promoters were found by RT-PCR in the embryo before transcription starts and therefore must be parts of maternally transmitted transcripts. Their existence in the pre-transcriptional embryo was independently confirmed by 5'RACE. RT-PCR showed that by 80% epiboly four of the six were expressed and remained active at all stages of development into adulthood. The other two, promoters 1b and 1d, could not be detected at any stage or in any adult organ. The four active promoters were differentially expressed in adult zebrafish organs. Transient expression of fusion genes driven by various promoters also revealed distinct patterns of cellular expression. A highly conserved sequence, HCS1, in the 5' exon associated with promoter 1c has properties of a dehancer and, depending on the sequence context, an enhancer. The 3' UT and flank exert a position-dependent restrictive effect on promoter 1c and switch HCS1 from dehancer to enhancer.
Methods
5' RACE
Amplified cDNA was generated using the Invitrogen Gen-eRacer kit according to the manufacturer's directions [43] . The template for cDNA preparation was total RNA extracted from 2-4 cell stage embryos, 10 days old larvae, pooled organs from adult fish, and whole adult fish using the guanidine thiocyanate method of Chomczynski [44] . cDNA was generated using random hexamer oligonucleotides. The cDNA was amplified with the GeneRacer primer and a BDNF antisense primer, P1, complementary to 18 nucleotides near the 5' end of the coding exon. Nested PCR was then performed using the internal 5' Gen-eRacer primer and a second BDNF-specific primer, P2 consisting of the 25 nucleotides immediately upstream of P1.
The amplified cDNA was cloned using the Invitrogen TOPO Cloning kit. DNA was extracted from individual clones. The extracted DNA was analyzed by restriction enzyme digestion followed by agarose gel electrophoresis and nucleotide sequencing at a commercial sequencing facility (Davis Sequencing, LLC. Davis, CA 95616. [45] ).
RT-PCR
Total RNA was extracted from 2-4 cell stage embryos, 10 days old larvae, pooled organs from adult fish, and whole adult fish using the guanidine thiocyanate method of Chomczynski [44] . The integrity of the RNA was checked by agarose gel electrophoresis. Approximately 1 µg of total RNA was reverse transcribed using random hexamers for priming of murine Maloney virus reverse transcriptase. Aliquots of the samples were amplified with nested BDNF exon-specific primers in two rounds of amplification. The antisense primers in all cases were P1 and P2, P2 being situated upstream from P1. 5' RACE cDNA clones were used as positive control templates and size markers. β-actin primers were used as internal controls for the quality of cDNA synthesis. The amplified DNA was subjected to agarose gel electrophoresis and exon-specific bands identified by size. 
Oligonucleotide Primer Sequences
Preparation of DNA and microinjection of embryos
Plasmids were digested with restriction enzymes to remove SV40 enhancers and other vector sequences. The desired restriction fragments were purified by agarose gel electrophoresis. DNA was dissolved in 100 mM KCl at a concentration of 10-50 µg/ml. Phenol red was added to visualize injected DNA solution. DNA was injected into a blastomere or into the cytoplasmic stream below the blastomere(s) at the 1-8 cell stages. Embryos were enzymatically dechorionated with Pronase and extensively washed in embryo medium prior to injection. Embryo medium = 13 mM NaCl; 4.2 mM NaHCO 3 ; 0.54 mM KCl; 0.025 mM Na 2 HPO 4 ; 0.044 mM KH 2 PO 4 ; 1.3 mM CaCl 2 ; 1 mM MgSO 4 ). Embryos were injected and maintained for 14 hours post fertilization on a bed of 0.7% agarose in embryo medium. Subsequently they were placed into deionized water in clear plastic dishes for observation with a Zeiss AxioVert 200 M fluorescent microscope or further growth. Pictures were taken with a digital camera and acquired with the AxioVision software package, version 3.0.6. The images were further processed with Microsoft PhotoEditor, Microsoft PowerPoint and Adobe PhotoDeluxe Business Edition.
Additional material
